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ABSTRACT 


Boundary  Element  computer  modeling  is  gaining  acceptance  as  a  tool  for  predict¬ 
ing  the  distribution  of  cathodic  protection  potentials  on  a  variety  of  large  immersed 
structures.  In  particular,  the  offshore  oil  industry  has  used  this  technique  to  design  ca¬ 
thodic  protection  systems  for  offshore  oil  platforms.  This  technique  would  also  be 
valuable  for  pltKement  of  cathodic  protection  anodes  and  reference  cells  on  ship  hulls. 
Much  has  been  published  on  this  technique,  including  experimental  verification  on  a  lab¬ 
oratory  scale.  However,  there  has  been  little  published  irtfbrmation  on  experimental 
verification  of  the  model  predictions  on  large  structures,  eqteciallyfbr  ships.  Since  the 
accuracy  of  any  computer  model  depends  on  the  polarisation  curves  used  as  boundary 
conditions  for  the  model,  experimental  verificatitm  is  necessary  to  insure  that  the  proper 
polarisation  conditions  have  been  chosen. 

ms  study  is  aimed  at  vertfication  of  tius  technique  on  large  ship  hulls.  Spectfically, 
a  42-tft  (l4-m)  barge  was  outfitted  with  a  steel  "rudder” ,  copper-based  alloy  "propel¬ 
ler"  ,  sine  sacrificial  anodes,  and  an  array  ttf  reference  cells  to  measure  the  distribution  ef 
potential  over  the  surface  of  the  hull  and  appendages.  The  barge  was  exposed  in  natural 
seawater  for  4  months.  A  computer  model  was  developed  to  predict  the  distribution  of 
protection,  using  a  boundary  element  analysis  program  (BEASY)  and  long-term,  poten- 
tiostatic  polarisation  curves  as  boundary  conditions.  The  model  predictions  are  compeaed 
to  the  measured  potential  distributions,  and  the  implications  for  coated  hulls,  larger 
ships,  and  motion  of  the  hull  discussed. 

Polarization  curves  are  presented  which  give  good  agreement  between  model  pre¬ 
dictions  and  the  actual  measurements  on  the  uncoated  steel  barge  hull  under  low  flow 
conditions.  More  information  on  polarisation  behavior  for  coated  surfaces  and  surfaces 
under  flowing  conditions  is  needed  for  accurate  predictions  to  be  made  over  a  full  range 
of  ship  operating  conditions. 
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INTRODUCTION 


Submerged  steel  structures,  such  as  platforms  and  ships,  usually  require  cathodic 
imnectioD  to  minimize  cmrosion  damage  in  seawater.  This  protection  is  provided  by  im¬ 
pressed  current  or  sacrificial  anodes  located  at  discrete  points  on  the  structure.  The  level 
of  protection  is  greatest  near  die  anodes  and  falls  off  at  large  distances  [1].  The  ntm-uni- 
foimity  of  protection  can  lead  to  over-design  of  the  protection  system.  This  is  because  the 
overall  levd  of  protection  must  be  increased  until  the  point  with  the  least  protection  on 
the  structure  is  receiving  adequate  protectitm.  This  over-design  can  lead  to  wasted  current 
or  anode  material  and  can  also  lead  to  paint  blistering  or  hydrogen  embrittlement  in  areas 
near  the  anodes.  Cadiodic  protectitm  system  designers  therefore  strive  for  uniformity  of 
protecdtm  on  the  structure. 

Uniformity  of  protection  was,  until  recently,  arrived  at  in  a  cathodic  protection  sys¬ 
tem  design  primarily  by  the  use  of  rules-of-thumb  and  enqiirical  experience.  Mme 
recently,  construction  of  physical  scale  models  has  been  used  with  some  success  to  opti¬ 
mize  placement  of  anodes  [2].  In  many  cases  the  use  of  physical  scale  modeling  will 
produce  results  of  sufficient  accuracy  for  optimizing  anode  placement.  There  is  smne 
theoretical  basis  for  a  belief  that  there  are  inherent  inaccuracies  in  this  type  of  modeling 
for  large  structures  in  seawater,  however  [3].  hi  addition,  effects  of  flow  on  moving  struc¬ 
tures  are  difficult  to  reproduce  in  scale  model  tests.  For  these  reasons,  as  well  as  for 
reasons  of  cost  of  model  construction,  the  use  of  computers  to  predict  uniformity  of  pro¬ 
tection  is  emerging  as  a  viable  alternative.  Although  computer  modeling  accuracy  has 
been  verified  in  small  scale  laboratmy  situations[4-S],  as  of  now  there  is  little  published 
evidence  of  verification  of  this  technique  on  large  structures. 

Boundary  element  computer  modeling  was  originally  developed  for  mechanical 
problems  such  as  deformation,  but  has  found  application  in  heat  flow  analyses.  The  meth¬ 
od  is  similar  to  finite  element  analysis  in  that  tte  LaPlace  Equation  is  solved  within  the 
structure  of  interest  after  first  defining  conditions  at  the  edge  (boundary)  [6].  The  struc¬ 
ture  of  concern  is  divided  into  small  elements,  or  discretized,  and  a  series  of  simultaneous 
equations  is  obtained  from  the  LaPlace  Equation,  one  for  each  element  [7].  The  boundary 
element  method  requires  that  only  the  edges  of  the  structure  be  modeled,  since  Greene’s 
Theorem  is  used  to  convert  dw  volume  integrals  inherent  in  a  3D  analysis  to  surface  inte¬ 
grals  [5].  The  boundary  element  technique  to  found  application  in  heat  flow  problems 
where  the  temperatures  at  the  edges  are  the  only  variables  known  or  of  interest 

The  parallel  between  heat  flow  and  corrosion  currents  to  recently  been  recognized 
and  the  boundary  element  technique  qiplied  to  cmrosion  problems.  The  paraUel  is  this: 
heat  flow  becomes  electron  flow  (current)  and  temperature  becomes  electrochemical  po¬ 
tential  [8].  Thus,  heat  flow  boundary  element  programs  can  be  used  for  solution  of 
corrosion  problems.  A  complicatioo  arises  when  the  conditions  at  die  edges  are  consid¬ 
ered.  In  heat  flow  analyses,  boundary  condititms  are  typically  constant  temperature, 
constant  heat  input,  or  convection  (beat  input  versus  temperature).  In  corrosicm,  the 
boundary  cmiditions  are  the  relationships  between  current  and  potential  (called  polariza¬ 
tion  behavior)  for  the  materials  and  environment  Polarization  behavior  may  not  be 
single-valued  or  monotonic,  requiring  special  ccmsideration  in  programming  [9].  This 
area  of  work  is  so  new  that  only  two  companies  have  boundary  element  programs  dut 
can  handle  corrosion  boundary  conditions,  and  one  of  these  programs  has  odier  limita- 
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tkMis.[10]  The  other  program,  called  Boundary  Element  Analysis  System  (BEASY)  was 
used  for  this  study. 

The  intent  of  diis  paper  is  to  illustrate  that  computer  modeling  can  accurately  predict 
the  distribution  of  cath^c  protection  on  large  structures  resembling  ship  hulls  in  seawa¬ 
ter.  The  polarizaticm  curves  used  to  obtain  the  best  agreement  between  the  ctnnputer 
model  a^  measurements  on  a  large  suucture  ate  also  presented. 

EXPE  ilMENTAL  PROCEDURE 


BARGE  TESTS 

Accuracy  of  computer  modeling  for  ship  hulls  was  investigated  by  using  an  18  by 
42-foot  (6  by  14-m)  steel  barge  to  compare  with  the  computer  model.  The  same  barge 
was  fust  exposed  without  coatings  for  4  months,  then  hauled,  cleaned,  and  re-exposed 
with  a  coating  system  applied  for  an  additional  4  months. 

The  barge,  shown  in  Figure  1 .  was  first  hauled  and  sandblasted.  It  was  then  fitted 
with  sacrificial  anodes  as  follows:  a  group  of  six  anodes  at  the  stem  midline,  a  group  of 
eight  anodes  at  the  center  midline  with  a  group  of  four  additional  anodes  on  each  end  of 
the  central  grouping,  and  two  groups  of  six  anodes  each  at  the  outer  edges  on  both  sides. 
The  anode  groups  were  electrically  isolated  from  the  barge  and  externally  connected  to 
allow  measurement  of  the  protection  current  each  group  provided.  A  copper-nickel  plate, 
roughly  32  by  36-in.  (0.8  by  0.9-ml  was  suspended  0.9-^t  (0.3-m)  below  the  keel  at  the 
aft  portion  of  the  barge  and  oriented  athwartships.  This  plate  was  designed  to  simulate  a 
copper-alloy  propeller  and  the  plaie-to-hull  area  was  set  to  be  representative  of  a  real 
ship.  A  second  plate,  37  by  38il-in.  (1.0  by  1.0-m)  square  made  of  steel,  was  suspended 
with  its  leading  edge  even  with  the  stem,  3^ft  (1-m)  tebind  the  first,  and  with  its  top 
edge  parallel  to  the  stem  and  at  a  height  even  with  the  keel.  The  area  and  orientation  of 
this  plate  were  set  to  simulate  the  rodder  of  a  real  ship.  Both  plates  were  wired  back  to  the 
hull  so  that  protection  cunent  could  be  measured.  Finally,  the  barge  was  outfitted  with  an 
array  of  34  silver/silver-chloride  reference  cells  to  measure  the  uniformity  of  protection. 
The  locations  of  the  anodes  and  reference  cells  are  shown  in  Figure  2. 

After  outfitting,  the  barge  was  placed  in  the  water  at  the  shipyard  facility,  located  on 
the  Cape  Fear  River  in  Wilmington,  NC,  with  the  port  and  starbo^  anode  groups  dis- 
cormected.  This  facility  has  brackish  water  with  a  conductivity  of  145-^nmho/cm  (0.81 
ppt  chloride).  The  barge  was  then  towed  to  the  test  site  in  Bai^  Channel  near  Wri^ts- 
ville  Beach,  NC.  This  location  has  full  strength  seawater  with  a  conductivity  of 
50-mmho/cm  (34.99  ppt  chloride).  The  barge  was  moored  at  a  location  whm  the  mean 
depth  was  roughly  11-ft  (3.5-m).  A  series  of  current  and  potential  measurements  were 
then  taken  daily  except  for  weekends  until  the  total  exposure  period  elapsed.  Initially  die 
anode  groups  at  the  edges  of  the  barge  were  not  coimected,  but  it  was  determined  that  the 
barge  required  the  additional  anodes  to  get  adequate  protectitm,  and  so  these  anode 
groups  were  connected  after  8  days.  A  total  exposure  period  of  4  months  was  chosen  be¬ 
cause  earlier  tests  at  this  location  had  shown  that  stability  (d*  protection  current  was 
reached  in  that  time.  [11]  At  the  conclusitm  of  the  test,  all  but  the  aft  set  of  zincs  were 
disconnected  to  get  a  greater  potential  gradient  along  the  barge  length.  Measurements 
were  taken  after  the  protection  system  had  been  allowed  to  stabilize  for  7  days.  The  barge 
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was  then  towed  back  to  the  shipyard  where  measurements  were  taken  in  the  lower  con¬ 
ductivity  water  for  an  additional  2  days. 

Next,  the  barge  was  hauled,  sandblasted,  and  coated  with  the  staiulard  Navy 
F-lSO/F-lSl  epoxy  anti-conositm  coating  system  with  a  standard  F-120  cq^)er-based 
antifoulant  topcoat.  All  anode  groups  were  removed  and  the  areas  where  they  had  been 
were  intentio^y  left  imcoated  to  simulate  coating  defects.  The  one  exceptitm  was  the 
stem  group  of  six  anodes,  which  was  remanufactured  into  three  grotq»s  of  two  anodes 
each  using  new  anodes,  and  reattached  in  the  same  locatitm.  The  plate  that  simulated  the 
propeller  was  not  coated,  and  a  vertical  strip  on  the  forward  edge  of  the  rudder  plate 
abtmt  8^.  (0.20-m)  wide,  was  left  uncoated  to  simulate  erosion  damage  to  the  rudder 
coating.  The  locations  of  the  unpainted  areas,  anodes,  and  reference  cells  are  shown  in 
Figures. 

After  outfitting,  the  coated  barge  was  placed  in  the  water  at  the  shipyard  site  and 
then  towed  to  the  same  location  in  Banks  Channel  for  testing.  All  three  anode  groups 
were  connected  initially,  although  the  rudder  plate  was  not  connected  for  the  first  day  due 
to  the  time  it  took  to  reconnect  it.  Current  and  potential  readings  were  taken  daily  for  120 
days,  after  which  time  the  test  was  concluded  and  the  forward  two  anode  groups  were 
disconnected,  and  data  was  collected  for  another  two  days.  The  barge  was  then  towed 
back  to  the  shipyard,  where  a  final  reading  was  taken  in  the  brackish  river  water. 

Besides  monitoring  currents  from  each  bank  of  zincs,  currents  to  the  rudder  and 
prop  plates,  and  potentials  of  the  reference  ceils,  weight  loss  data  was  taken  for  each  zinc 
in  both  barges  to  compare  to  integrated  currents.  This  gave  a  check  on  the  current  mea¬ 
surement  procedure  and  allowed  for  determination  of  zinc  efficiencies. 

COMPUTER  MODELS 

The  exact  barge  geometry  was  modeled  using  the  Boundary  Element  Analysis  Sys¬ 
tem  (BEASY).  This  program  is  designed  for  corrosion  problems  and  can  handle 
time-dependent  atudysis[12]  although  that  feature  was  not  used  in  this  study.  The  element 
structure  used  for  the  uncoated  barge  is  shown  in  Figure  4.  The  grid  used  for  the  coated 
barge  was  similar  but  without  the  anode  groupings  and  is  shown  in  Figure  5.  The  model 
was  synunetric  about  the  centerline  and  waterline,  and  non-conducting  surfaces  were 
placed  at  the  mud  line  and  at  a  distance  of  330  ft  (100  m)  around  the  barge.  Three 
hundred  thirty  ft  was  chosen  as  it  was  expected  that  the  potential  gradients  would  be 
minimal  at  that  distaiKe.  These  surfaces,  shown  in  Figure  6,  were  necessary  since  the  pro¬ 
gram  required  that  the  model  be  totally  eiKlosed. 

The  zinc  surfaces  were  initially  assigned  the  polarization  conditions  shown  in  Fig¬ 
ure  7,  the  steel  surfaces  were  initially  assigned  the  conditions  shown  in  Figure  8,  and  the 
copper-nickel  surfaces  assigned  the  conditions  in  Figure  9.  These  polarization  curves 
were  obtained  from  long-term  potentiostatic  polarization  tests  conducted  in  a  previous 
project  [11].  Later,  when  barge  measurements  were  available,  the  discrepancies  between 
the  computer  model  results  and  the  barge  measurements  were  used  to  make  minor  modi- 
ficatimis  in  the  polarization  curves  used  to  improve  the  degree  of  fit.  These  modificatitnis 
were  kept  within  the  limits  of  scatter  of  the  original  data  from  which  the  curves  were  gen¬ 
erated. 
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RESULTS  AND  DISCUSSION 


BARGE  TESTS 

Data  taken  during  the  uncoated  and  coMed  baige  exposures  are  shown  in  IhUes  1 
and  2.  respectively.  Water  temperature  at  the  test  site  is  also  shown  in  Figme  10  for  the 
uncoated  barge  test,  and  in  Rgure  11  fn-  the  coated  barge  lest.  The  average  water  temper¬ 
ature  was  almost  10  degrees  Celsius  cooler  during  the  coated  barge  test,  which  would 
lead  to  higher  surface  dissolved  oxygen  ctmcentratimis  and  different  calcareous  deposit 
and  fouling  deposit  formadmi  kinetics  in  the  latter  test  as  con^tared  to  the  former.  In  fiict, 
fouling  in  the  cooler  water  on  the  barge  with  anti-fouling  paint  was  found  to  be  signifi¬ 
cantly  less  than  diat  in  warmer  water,  with  an  almost  complete  lack  of  hard  fouling  such 
as  barnacles  or  clams,  even  on  uncoated  surfaces. 

Rgure  12  shows  die  current  in  amperes  for  each  of  the  cathode  surfaces.  As  ex¬ 
pected,  the  current  mostly  went  to  the  hull.  Currents  to  all  cathode  surfaces  initially  began 
to  fall,  but  jumped  upwards  after  8  days  when  the  two  edge  anode  groups  were  con- 
ne^'"  '  Current  continued  to  fall  throughout  the  exposure,  probably  due  to  the  buildup  of 
calcareous  deposits  and  fouling.  Another  drop  in  current  was  experienced  near  the  end  of 
the  exposure  when  all  of  the  anode  groups  excqit  one  were  disconnected.  Total  current  at 
the  conclusion  of  the  eiqxisure  was  roughly  one-third  of  the  maTiminn  current  experi¬ 
enced  after  all  anode  groups  were  first  connected. 

Figure  13  shows  the  output  of  each  of  the  anode  groups  during  the  same  time  peri¬ 
od.  Curroit  output  was  zero  from  the  two  edge  groups  until  they  were  connected  at  day  8 
and  was  the  hipest  thereafter,  probably  because  each  group  was  so  far  from  any  other 
group.  Near  the  end  of  the  exposure,  when  all  other  anode  groups  were  disconnected,  cur¬ 
rent  from  the  aft  group  increased  to  try  to  make  for  the  difference. 

Weight  losses  of  each  of  the  anodes  are  given  in  Tables  3  and  4  for  the  uncoated  and 
coated  barges,  respectively.  These  values  are  summed  for  each  groiqi  and  compared  to  the 
integrated  current  for  that  group  to  calculate  an  electrochemical  efficiency  for  each  anode 
group  and  for  all  anodes  on  each  barge.  Efficiencies  for  each  groiqi  ranged  fiom  65  to 
1 14  percent,  indicating  that  the  current  measurement  or  integration  technique  was  not  suf¬ 
ficiently  accurate.  This  is  probably  due  to  aampiing  times  for  current  data  of  1  to  3  days 
being  too  high.  The  average  efficiencies  for  the  anodes  in  the  two  tests  were  86  to  88  per¬ 
cent,  which  is  low  for  zinc  anodes.  Initial  high  currents  occurred  for  several  hours  before 
the  first  readings  were  taken,  and  currents  could  not  be  read  during  the  two  towing  opera¬ 
tions  for  each  exposure.  Both  of  ttiese  would  lead  to  lower  measured  efficiencies  than 
were  actually  experienced  by  die  anode  material. 

Figure  14  shows  current  dau  for  the  cathode  surfaces  of  the  coated  barge.  HuU  cur¬ 
rents  were  lower  by  a  factor  d  about  20  due  to  the  presence  of  the  coating,  with  the 
remainder  of  the  current  likely  going  principally  to  the  defect  areas  at  the  old  zinc  loca¬ 
tions.  After  a  rapid  initial  drtqioff  in  the  first  4  days,  current  dropoff  was  much  slower 
than  in  the  warmer  water  exposure,  possibly  indicating  less  blockage  of  current  by  hard 
fouling  (Hganisms  during  the  later  parts  of  die  exposure.  Disconnecting  two  anode  groups 
caused  a  current  drop  of  roughly  50  percent  at  the  end  of  the  test. 
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Table  2.  Exposure  data  for  coated  barge. 


Iu&SBbSs 

m!.:;  ; 


85Sl85t2252J2;S25SitS5JSttSSC2IJZJ555rre2S25ZSg5555S5:2**2i2SS5x"228«  2S 


•  ••  « 


•neSateiBBAMOOtiao^sotfooeteltfciooAtfAA^tfofliAoeBtfAtftfAettf  •ooo0do0oa«ooo«oe««oe«oooAo2**^* 

2||«•BtBla•••*••••■>M••■««M«•l•e»a4|Kaaae-r<>*■•^*•o•••»••K■^******^■*^*^■********■*********■**^^^**■***t*■*vS*'*?****^***c• 

•  iliiEEiEE»::Bililii8SiiBBIBB8IMiiHliiBiiIlliSlil8liigliSillillliiiiiliiiiiiliin|> 
«  i88Ei8if888EBii8S88iBB8BB8BB8888B88iBBBB8B88i8B8iB!i8BB88BBBB8BHB888^ 
«:8H8n8BBSB8ES8iiBB8iBBB8BiBBBBBh8SmBsiflSfiBBBH»8BBi!!8!BBEBB»2BBBBBiEiisiB|ii|i 
*BIBi8iBBB8BBBnilBaBiB8BBBiBBBB8BBB8BiBBBBB8BBBB8BB(IBiB8BBBBB8IBB8BiiiBi88Bi8iBBS8s|S 

I  I  I  t  I  I  I  I  I  I  I  I  I  I  i  I  I  t  i  t  I  t  {  I  I  t  I  I  I  I  I  «  t  i  I  (  «  »  t  I  •  I  I  i  i  I  t  i  I  •  I  I  1  I  I  I  I  I  I  <  I  I  <  I  >  •  t  t  •  >  ■  <  >  I  >  t  I  I  I  i  i  O  I  I  C  I 

«8BilEEBSE888Bi88Bni888888!niSBB828sB8B8i888l8i8l888BS8E88i8iBBB88BEEBfiES8E8B88E|8B|8 
SBBBBBBUBBiunEBSBSaBiiBBBBBBBBBBfiBiBtBBisBBUBBtBBBBfiBiBIBBBiBfifiBBBBfiBBiisiBBBBiiiis 
«BS8BBBnBB»BBSEBBBEBiB!iiBBiBBBBBfiiisB8»BBSB8ii!BiBBiBBBBBBifiHBBBBBBBiB8iBBBfiB: 


I  I  I  I  I  I  I  I 


iSisSs 

I  A  I  I  U  I 

l;BBi8 

'  S  •  I  ^  • 


"EiiBBBBBBnBfiBBESiSilBiSBBBlilliiiiiiiisiiiBBiBlflBBBBBBBBBBBBlBISBfiBiB^^ 
siBBBBBiisHBEBSBBBiBiBBBBBBBBBBBBBBBiuiBBBBBBBBBiBsiBBBBBBBBBBBBBBHi^  12  S 

"BnBBBBBnsiBsBBBiBBBiisiBnnBnnimiiiinsnmBBBBBBiBs^  fi  b 

isiaBBnEBBnBBBSaBiEBBinBiininiHBifBBBBBBBBBfiBBBiBBBBiBBiBBiBBBBBBBH  iS  B 

^BSBiBBBEhsHSBSBBSBSiiHEBBBBSBBBBBBBBBBiBBBBBBBBniiBBBHiBBHBBiBHHBBEEBBBBB  U  B 


I 


I  I 


I  t  I  I  I  I  I 


I  I  I 


I  I  I  t  I  I  I  i  I  t  i  I 


I  I 


t  I  >  I 


•IBEaiBBiiBBBBBBBBSUaasBBBBillttiHHISBBBBBBBBBBUBBHBBBHSBBBESEEEEEEUEBEEE  IS  B 
^iifSBBSSBBSBiiiiisBiiBBBBHBBBBBBBHBiiBiiBBSESESBBBBEBEEEEBEEBBa  If  2 

'fBSBBBSBBiBBBiBBBSfiBBiBfiEBBSBSBBSBBBfEEBiBEfESEB'BBEEm^  If  i 

aBisBBBisBiBEiiBisBBSfiBBBBUBBBBBBBBBBBiiBBBBiiBiBBBiBiiliBiBBiiBBHBSBiBiBHBiii  IS  8 

I  t  t  I  i  I  I  I  <  I  I  I  I  I  I  I  I  I  I  (  1  I  I  I  I  I  1  I  I  I  I  I  I  (  I  (  I  I  I  I  t  I  I  I  t  I  I  t  I  I  I  i  I  t  I  I  I  I  I  I  I  t  I  I  >  I  I  I  >  I  t  i  t  t  i  I  t  (  I  (  I  II  I 

-SIBBlBIBliiiSBSBBBiilllllBBIISilSSIIilllillliiSnBllilllBllilliBIIBlIBBBBBBBBBBBB  BB  B 

'‘iBEsiiiiBniBBiiBsiBsnisBBsniiiiiiiiiBBiBBiiBBiBiBiBBBiBBBBBiiBBBHiBiBniiiiBi  is  s 

I  i  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  (  I  t  I  I  I  I  I  I  I  I  I  1  I  I  I  I  I  t I  I  I t I  I  I  I  I  I  I  I  I  I  I  I  I  I t  I  I i I  I  >  I  I  I  <<  I  I  I  I  I  I  I  I  I  I  II  I 

flSI8B2BBB8ISBB2iSB8BIBBBBBBBBBBBBBBiBBBIBBBBIilBBIBBiBiBIBBBiBIIBBI88BBBIiBliBBBfi  BS  B 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  t  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  i  >  I  I  I  I  I  «  I  I  I  I  I  I  I  «  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  II  I 

=B!illBBSSBBiEBBBBBBB2iiBiBBBBBSBB8BiBiBBB8B8BiBB8BBBIBIiBiB8ili8iBB8BBIBBIBBBiBBB  IS  B 

I  I  I  I  I  I  I  I  I  I  I  I  I  t  I  I  I  I  1  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  (  I  I  I  I  i  I  I  I  I  I  it  I  «  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  II  I 

*EEEBBiSBBBIBB8BB8BB8SBB8BiB8BBIBiBBII8IBiSB88BBlBlllBS8BBSBBlBBBB8BBBBBBBBBBBBBBB  BB  B 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  t  I  I  I  I  I  I  t  I  I  I  I  •  I  •  I  I  I  I  I  I  I  I  t  I  t  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  •  I  I  I  It  I 

'BBSfiBiBiBBBBBBBBBBBISBBBBBBBSBIBIIBSISiBIIIISBBSliSIBliiBBIIIIBIBSBBBBBBBBBBB  ill  BB  2 

I  I  I  I  I  I  I  I  I  I  I  t  I  I  I  I  I  I  i  I  I  I  I  I  I  I  I  I  I  I  I  I  I  f  I  I  t  I  I  I  I  I  I  I  I  I  •  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  i  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  II  I 

'EII22BIBBB88BSB8BBBBilBBBiiBBBBIBBiBB2BiBBBBBBIBBBBBSiBBBBBSilBBBSB22BBBBBBEBBBBB  IS  E 

I  I  I  f  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  t  I  I  I  I  I  I  I  I  I  I  t  I  I  I  I  I  I  I  I  t  I  I  I  I  I  I  I  I  I  t  I  I  I  I  I  I  I  I  I  <  I  I  I  t  I  I  I  I  I  II  I 

'BBEBIIIillllBIBBBBBBSBBBBIBsiBSBBBiSillBIIIIIIBSIIIIISiBBIIIIIliBIBBBBBBBBlIBBBBB  2B  B 

iiiiiitiiiiifiiitiiitiiiiiiiiiiiiiiiiiiiiiiiiiiiiliiiiiiiiiiiiiiititiiiiiiiiiiiii  II  I 

»l2SSSSBfiSi2BBBiiBSBiBEESEBEISSSEEESSBSSEES2SESESEBBIIEEEBESlEEEIEEEEESESSEEEEEEEE  BB  I 

I  I  I  1  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  1  I  1  I  I  I  I  I  1  I  1  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  It  I 

»2BI2B8BBBBBBBSSBBBBl2ll2BIBBBSIBBilBBBI2li2288l2IBBB8BBBEBI2BIIBBBEIlEESEBiBBBBBB  IB  S 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  t  I  I  I  I  I  «  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  i  I  I  I  I  I  I  t  I  I  I  I  I  I  I  I  I  I  I  I  i  II  I 

»2IB2S8B88BiliBBBBBB88BBBI2BBIIBiBBI82BIB2BBBIEB2IBBBBIiB2B222BBIBIEBBSiE2EEEESEEE  18  2 

I  I  i  t  I  I  I  I  t  I  1  I  t  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  i  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  i  I  I  I  I  I  I  I  I  i  II  I 

»BB8BBBBSBiBBB88i88SBIBBB68BB2IIB2B8B8BBBBBBIIil2BiElSB28IIB8illBIIB22BIIIBIIB2IBB  IS  B 

I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  (  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  <  I  I  I  I  I  i  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  •  I  )  I  I  I  I  I  I  I  I  II  I 

^BBSBBBBBBBBI8BS8l8SB8l8nBBBB8IBBBBBBSB288iil2IBIIESBIIISIISIIIBiSBIBB8iBBiBi2SI8  BB  I 

I  I  I  I  I  I  I  I  I  I  I  I  i  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  II  I 

•IBBSiSISSSIBBBBBSiBIBEBBBSEBBBiBBBEIIBI&EIEEEIEEEBEEEiBBBillBiBBBIIIBIBBBBBBBIISB  18  i 


«ii8HisBiiiini8SBB2BBBfiBBniBIBIBE822BI8IIIIEE8llBBlSBSIBBBB8ElSEES8SBSEEEEESBEE  S8  B 

. I  I  I  I  I  I  I  I  I  I . .  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I . .  • 


I  I  I  I  I  I 


I  I  I  I  I  I 


«iB2IS8iS8l2BIBB8SB8BSBiBill88BliBBBBI8BB8IBIISilBil8lfillEI2l8llilBilBEilBiBSfBBIB  If  i 

I  I  I  I  I  I  I  I  I  I  t  t  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  i  I  I  I  i  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  11  i 

•BBEIIIIIBIIBSBIBBISBIliiiBSIBilllBllllliiSiBllilSIlBBiliBIBillBIBIBiilBBBIIflBIII  If  I 


I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  t  I  I 


I  I  I  I  I  I 


sSSIIISlillBiBIIBISBiBIIIISSiiililllBBBBlimsiBBiiBliliBBSBBBBBiBmiBHniiinil  BS  s 

. Illlllllllllllllllltltllltllttlltllltltllllltllllllltllltllltltllll  11  I 

8s888688R8X88887f8f«f8>8aft8s8S<6888cXei:8s88888s8888S888888S=9SS£SS888XX8 


I  I  t  I  1  I  I  1  (  I 

V 


CARDIVNSWC-TR-61— 93A)2 


Tibki  3.  Anode  weight  losses  for  uncoated  barge. 


Anode 

Number 

Original 

Weight 

9 

Final 

Weight 

9 

Weight 

Loee 

9 

Group  Weight 
Loes.g 

Theoretical 
Weight  Loee 
from  Currents 
g  (effioiency) 

1 

4e08A 

3794.6 

12022 

Stem 

2 

4788.0 

3874.1 

803.0 

3 

4823.1 

3862.0 

061.1 

4 

4813.0 

3921.1 

801.0 

5 

4870.3 

3046A 

923.9 

6 

4801 

3631.4 

11602 

6042.8 

5180.6(86%) 

7 

4862.2 

3502.4 

1269.8 

Added 

Ends 

8 

4932.1 

3061.1 

051.0 

to 

added 

9 

4724.4 

3830.6 

603.6 

anodee 

to  anodes 

10 

4780.5 

3850.6 

920.7 

19-22 

19-22 

11 

4857.2 

865.3 

Middle 

12 

4954.3 

992.3 

13 

4863.7 

1213.4 

14 

4929.8 

010.1 

IS 

4791.1 

3850.0 

0312 

16 

4905.3 

3065.4 

030.0 

17 

4773.9 

38802 

884.7 

18 

4809.3 

3651.6 

1157.7 

7804.6 

5098.1  (65%) 

19 

4850 

4022.7 

627.5 

Ends 

20 

4844.2 

4144.4 

690.8 

21 

4756.4 

3930.6 

618.6 

22 

4983.6 

3057.4 

10262 

7407.4 

6089.0  (82%) 

23 

4462.2 

37102 

751.9 

Starboard 

24 

4640.9 

3977.3 

773.6 

25 

5000.6 

4236.7 

764.1 

26 

5047.0 

4242.7 

804.3 

27 

4978.9 

4153.4 

625.5 

28 

4786.0 

40232 

762.6 

45722 

52282  (114%) 

29 

4842.0 

4135.3 

706.7 

Port 

30 

4655.2 

39262 

728.0 

31 

4875.2 

36922 

1163.0 

32 

4668.1 

3701.3 

874.6 

33 

4766.1 

3885.1 

661.0 

34 

4914.2 

40662 

848.0 

5222.4 

5223.0(100%) 

Total 

164327.2 

133187.8 

31130.4 

31130.4 

26810.8(86%) 
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Tablo  4.  Anode  weight  losses  (or  coaled  barge. 

Anod* 

Number 

Original 
Weight  (g) 

Final  weight  (g) 

Weight  Laea(g) 

Group  Weight 
Loee(g) 

Theoietieal  Weight  Loee 
from  Currenti  (g) 
(efndeney) 

1 

4337.5 

467.00 

Aft  Stem 

2 

4607.6 

435.5 

342.1 

810.0 

802.4(00%) 

3 

4652.6 

4526.1 

326.7 

Mid  Stem 

4 

463SJ 

4321.0 

313.0 

640.6 

521.8(81%) 

5 

4667.5 

4546.0 

341.5 

FwdStem 

6 

4523.0 

4107.2 

416.7 

758.2 

615.8(81%) 

Total 

26403.0 

26104.2 

2206.8 

2208.8 

1040.0(88%) 

Figure  IS  shows  currents  from  each  group  of  anodes  over  the  same  time  period. 

The  aft  anode  group  delivered  slightly  higher  currents,  possibly  due  to  its  {voximity  to  the 
uncoated  propeller  plate,  while  die  least  current  was  delivered  by  the  cent^  group  of 
anodes  as  pr^cted  by  Dwight’s  equations[13].  The  last  set  of  data  points,  taken  in  brack¬ 
ish  water,  show  a  current  decline  of  only  about  20  to  30  percent 

Figure  16  shows  the  measured  potential  gradient  longitudinally  near  the  centeriine 
of  the  uncoated  barge.  The  level  of  protection  is  adequate  and  flat  in  the  area  of  the  zincs, 
and  the  amount  of  protection  decreases,  indicated  by  an  electropositive  shift  in  potential, 
at  the  forward  end  of  the  barge.  Current  demand  frmn  the  prop  and  rudder  plates  caused  a 
slight  lessening  of  protection  level  at  the  aft  end  as  well. 

Figure  17  illustrates  the  transverse  potential  gradients  at  three  points  along  the  barge 
length.  Since  aft  cells  were  located  on  both  port  and  starboard  sides,  the  data  is  plotted  as 
the  average  of  the  cells  on  both  sides,  with  an  error  bar  indicating  the  individual  cell  read¬ 
ings.  The  midpoint  line  of  cells  goes  past  the  edge  anodes,  resulting  in  increased 
protection  at  the  vicinity  of  these  anodes  at  nine  feet  distance.  In  general,  the  potential 
profile  was  symmetrical.  Protection  is  best  near  the  anodes  and  falls  off  towards  the  barge 
edges  except  near  additional  anodes. 

Figure  18  shows  longitudinal  potentials  for  the  coated  barge.  Even  with  many  fewer 
anodes,  the  total  protection  is  better  than  for  the  uiKoated  barge.  In  addititm,  the  lower 
total  current  leads  to  less  potential  gradient  and  much  better  protectitm  at  the  forward  end 
of  die  barge.  Ihmsverse  profiles  in  Figure  19  show  gradients  only  for  the  aftermost  line 
of  cells  that  is  adjacent  to  the  zinc  arrays.  This  profile  is  less  than  diat  of  the  uncoated 
barge.  The  protection  level  at  die  midline  cells  is  flat  due  to  their  distance  from  the  aft 
zincs  and  the  lack  of  zinc  groiqis  at  die  barge  edges.  The  small  IfinnY  increase  in  protec¬ 
tion  at  the  9-^t  distance  is  likely  an  artifact  of  the  scatter  in  reference  cell  potentials  rather 
than  a  real  effect.  Behavior  of  the  forward  mUs  should  be  considered  flat,  with  the  differ¬ 
ences  between  cells  due  principally  to  scatter. 

COMPUTER  MODELS 

It  was  desired  to  determine  the  sensitivity  of  the  computer  solutions  to  changes  in 
the  input  polarization  curve  shiqie  in  order  to  see  how  accurately  polarization  behavior 
must  be  determined  in  order  to  get  an  accurate  solution.  To  this  end,  a  number  of  varia- 
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tkms  in  polarization  curve  shape  were  trietl  during  the  modeling  effort  for  the  uncoated 
barge.  Tliese  included  changing  current  magnitudes  for  the  anodic  and  cathodic  materials 
individually  by  multiplying  the  currents  for  all  points  for  a  given  material  by  the  same 
factor,  and  changing  currents  for  individual  pc^ts  on  the  steel  cathode  in  order  to  change 
the  magnitude  and  slope  of  the  curve  in  the  900  to  1000  mV  range. 

Changing  the  magnitude  of  the  cathodic  currents  changed  the  total  current  delivered 
to  the  con^)onent  made  from  that  material  and  shifted  the  potential  of  aU  points  on  the 
structure  in  the  same  direction.  The  difference  between  the  predicted  potential  of  the  most 
positive  and  the  most  negative  reference  cells  was  directly  proportional  to  the  total  cur¬ 
rent,  but  the  points  on  the  structure  predicted  to  receive  the  most  or  the  least  protection 
did  not  change.  Changing  the  magnitude  of  the  anodic  currents  changed  the  predicted 
potentials  without  appreciably  changing  the  magnitwle  of  the  fuedicted  currents. 

Changing  the  magnitude  of  the  currents  in  an  area  of  the  curve  in  which  the  final 
predicted  potentials  did  not  lie  bad  no  effect  on  the  results,  but  did  change  the  conver¬ 
gence  time  for  the  computer  to  reach  a  solution.  Changing  the  slope  of  the  cathodic  curve 
in  the  region  where  predicted  potentials  did  lie  had  little  effect  on  predicted  potentials  or 
currents,  whereas  changing  current  magnitudes  in  this  area  of  the  curve  had  similar  ef¬ 
fects  to  changing  the  magnitude  of  the  entire  curve.  Various  modeling  changes  were  tried, 
and  a  general  observation  was  that  it  was  easier  to  predict  potentials  accurately  than  to 
predict  cunents  accurately  with  inaccurate  polarization  data. 

In  summary,  the  shape  and  magnitude  of  the  polarization  curves  used  in  the  analysis 
bad  little  effect  on  which  area  of  the  structure  was  predicted  to  receive  the  most  or  the 
least  cathodic  protection.  Curve  shape  and  magnitude  outside  of  the  range  where  the  pre¬ 
dicted  potentials  will  lie  also  had  no  effect  on  the  results  of  the  analysis.  Cathodic  curves 
will  affect  the  predicted  currents  more  than  predicted  potentials.  The  opposite  is  true  for 
the  anodic  curves,  where  the  predicted  potentials  are  ^ected  more  than  the  predicted 
currents.  Finally,  it  was  easier  to  predict  potentials  accurately  than  to  predict  currents  ac¬ 
curately. 

COMPUTER  PREDICTIONS  VERSUS  ACTUAL  MEASUREMENTS 
Protection  Potentials 

Use  of  the  origiiud  polarization  curves  for  uncoated,  unfouled  steel  did  not  result  in 
good  agreement  between  the  computer  prediction  and  the  measured  potentials  for  the  un¬ 
coated  barge.  The  best  agreement  was  obtained  if  the  computer  model  was  run  under  the 
assumption  that  SO  percent  of  the  cathode  surfaces  were  electrochemically  blocked  by 
fouling.  This  is  consistent  with  the  amount  of  hard  fouling  observed  visually  (see  Rgures 
20  and  21),  and  was  accomplished  by  reducing  the  current  densities  of  the  cathode  sur¬ 
faces  by  SO  percent  in  the  polarization  curves  used  as  boundary  condititms.  The  result  of 
this  assumption  was  an  agreement  between  measured  and  predicted  potentials  at  the  vari¬ 
ous  reference  cell  locations  which  was  within  20  mV  except  for  three  locations  which 
were  within  60  mV.  These  three  locations,  at  cells  6,  II,  and  23,  were  all  predicted  to 
have  more  protection  than  actually  measured.  Since  these  cells  were  all  at  the  wateriine, 
this  effect  could  be  due  to  wave  action  wetting  more  bull  surface  than  was  modeled.  This 
is  excellent  agreement  considering  the  number  of  reference  cells  and  complexity  of  the 
barge  structure.  The  measured  and  predicted  potentials  are  plotted  together  in  Figure  22. 
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The  refoence  cells  in  this  figure  are  in  no  particular  otda.  The  detailed  potential  distribu¬ 
tion  for  the  uncoated  barge  under  these  conditicns,  as  generated  by  the  ctnnputer  model, 
is  shown  in  Figure  23. 

The  best  agreement  in  potential  betweoi  the  computer  prediction  and  the  measured 
potentials  fm  tlw  coated  barge  was  obtained  if  the  computer  model  was  run  under  the  as- 
sumptitm  that  none  of  the  cathode  surfaces  were  electrochemkally  blocked  by  fouling. 
'Usually,  the  surfaces  either  had  no  hard  fouling,  as  in  the  anti-foulant-painted  areas  and 
the  uncoated  rudder  area.  Figures  24  and  25,  or  were  covered  in  soft  fouling  which  could 
be  inefficient  in  blocking  the  electrochemical  currents,  such  as  the  uncoated  hull  areas 
and  rudder  plate.  Figures  26  and  27.  The  difierences  in  degree  and  type  of  fouling  on  un¬ 
coated  surfaces  of  the  two  barge  runs  may  be  due  to  the  difference  in  the  season  of  the 
year  during  which  the  exposures  took  place.  Figures  10  and  11  show  the  water  tempera¬ 
ture  during  the  two  exposures.  Figure  28  shows  that  agreement  between  tlw  measured  and 
predicted  potentials  at  the  various  reference  cell  locations  for  the  coated  barge  was  best 
(always  within  15  mV,  better  agreement  than  for  the  uncoated  barge)  if  the  polarization 
behavior  for  the  copper-nkkel  propeller  plate  was  assumed  to  have  roughly  twice  die  cur¬ 
rent  density  at  a  given  potential  than  the  curve  used  for  the  uncoated  barge.  Using  the 
same  polarization  curves  as  for  the  uncoated  barge  gave  a  uniform  potential  discrepancy 
of  about  30  mV,  and  if  a  50  percent  fouling  factor  was  also  used,  the  resulting  uniform 
potential  discrepancy  was  50  mV.  The  detailed  potential  distribution  for  the  barge  under 
these  optimum  conditions,  as  generated  by  the  computer  model,  is  shown  in  Figure  29. 

Currents 

Ihble  5  lists  the  measured  and  the  pretUcted  currents  for  the  uncoated  barge  hull, 
rudder  plate,  propeller  plate,  and  currents  from  individual  zinc  groupings.  The  predicted 
currents  were  always  a  factor  of  1 .4  to  U  higha  than  those  measur^,  and  the  relative 
amount  of  current  fiom  or  to  each  area  is  the  same  for  the  predictions  and  the  measure¬ 
ments.  This  shows  that  current  distributions  are  easier  to  predict  than  absolute  values  of 
current.  The  factor  of  1.4  to  1.5  is  reasonable,  and  is  in  the  ri^t  direction  for  a  conserva¬ 
tive  design  for  a  cathodic  protection  system.  The  detailed  current  distribution  for  the 
uncoated  barge  under  these  conditions,  as  generated  by  the  computer  model,  is  shown  in 
Figure  30. 


Table  5.  Currents  for  unooaled  barge,  amperes 


Component 

Measured 

^ - 1«-^-  -s 

rlvQIClPO 

DWIerenee  factor 

Hun 

4.20 

5.70 

1.38 

PropoNor  Plato 

0.06 

0.11 

1.36 

Rudder  Plato 

0.07 

0.10 

1.43 

Outboard  Zincs 

-0.92 

-126 

1.37 

Aft  Zincs 

-0,74 

-1.12 

1.51 

End  Midships  Zincs 

-0.06 

-1.43 

1.40 

Center  Midships  Zincs 

-0.81 

-124 

1.53 
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Ikble  6  lists  die  measured  and  the  predicted  currents  for  the  coated  barge  hull,  rud¬ 
der  plate,  propeller  plate,  and  currents  firom  individual  zinc  groupings.  The  anode  groups 
are  somewhat  different  hrmn  the  uncoated  barge.  Three  prediction  assumptions  are  list^ 
Agr^ment  between  prediction  and  measurement  is  not  as  good  as  for  the  uncoated  barge 
if  SO  percent  fouling  is  assumed,  as  was  assumed  for  the  best  fit  with  the  uncoated  barge 
data.  The  agreement  does  not  improve  significantly  under  the  assumpticm  of  no-fouling 
conditions  with  increased  copper-nickel  current  density  that  gave  the  best  agreement  in 
potentials.  Tim  best  agreement  between  {nedicted  and  measured  currents  occurred  if  the 
surfaces  were  assumed  to  be  unfouied,  using  die  same  polarization  cmiditioiis  as  for  the 
uncoated  barge  predictions.  Regardless  of  the  prediction  assumpdcms,  the  relative  distri¬ 
bution  of  current  between  zinc  groupings  was  accurate,  and  the  distribution  between 
cathode  surfaces  less  so.  This  is  likely  due  to  the  difficulties  associated  with  treating 
painted  surfaces  as  pure  insulators  with  no  holidays  or  paint  defects.  In  fact,  even  small 
paint  defects  will  have  a  significant  effect  on  the  amount  of  current  that  is  delivered  to  a 
painted  surface.  The  detailed  current  distribution  for  the  coated  barge  under  the  condi¬ 
tions  where  the  best  agreement  in  total  cathode  current  was  obuiined,  as  generated  by  the 
computer  model,  is  shown  in  Figure  31. 

Table  6.  Currents  for  coated  barge,  amperes 


Pr«dict«d  (assumptions  Kstsd) 


Component 

Measured 

50%  Fouled 
Uncoated  Barge  Po¬ 
larization  Curves  that 
gave  best  Agreement 

Not  Fouled 
Increased  Current 
Density  to  give  best 
Potential  Agreement 

Not  Fouled 
Same  Current  Den¬ 
sity  as  Uncoated 
Barge 

Hull 

0.015 

0.045 

0.090 

0.089 

Propeller  Plate 

0.328 

0.112 

0.410 

0.223 

Rudder  Plate 

0.017 

0.026 

0.102 

0.051 

Aft  Stem  Zincs 

-0.126 

-0.098 

-0.261 

-0.167 

Mid  Stem  Zincs 

-0.102 

-0.075 

-0195 

-0.126 

Forward  Stem  Zincs 

-0.132 

-0.088 

-0.226 

-0.148 

Total  Cathode 

0.388 

0.176 

0.602 

0.363 

Given  the  difficulty  in  getting  simultaneous  agreement  between  measured  and  pre¬ 
dicted  potentials  and  currents,  it  is  difficult  to  conclude  what  the  best  polarization 
conditions  are  to  make  optimum  computer  predictions  on  a  coated  bull.  The  authors  pre¬ 
fer  to  use  the  same  polarization  conditions  as  for  an  uncoated  hull,  with  the  degree  of 
fouling  being  a  variable  which  will  be  added  depending  on  location  and  season.  Using 
these  assumptions  will  give  the  most  accurate  current  predictions,  and  potential  predic¬ 
tions  which  are  off  by  only  40  mV.  Current  distributions  and  potential  distributions 
should  be  accurately  predicted  regardless. 

SUMMARY 

The  intent  of  this  work  was  to  illustrate  that  computer  modeling  can  accurately  pre¬ 
dict  the  distribution  of  cathodic  protection  on  large  structures  resembling  ship  hulls  in 
seawater.  The  polarizatitm  curves  used  to  obtain  the  best  agreement  between  the  cmoput- 
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er  floodel  and  measurements  on  a  large  structure  were  also  to  be  determined.  A  detailed 
summary  of  diis  work  follow: 

BARGE  MEASUREMENTS 

Fouling  in  die  cocder  water  on  the  barge  with  anti-fouling  paint  was  significantly 
less  than  that  in  warmer  water,  with  an  almost  complete  lack  of  hard  fouling  such  as  bar¬ 
nacles  or  clams,  even  on  uncoated  surfaces. 

The  average  eflOciencies  for  the  anodes  in  the  two  barge  exposures  were  86  to  88 
percent,  which  is  low  for  zinc  anodes. 

Hun  currents  were  lower  by  a  factor  of  about  20  on  the  coated  barge  relative  to  the 
uncoated  barge,  with  the  remainder  of  the  current  likely  going  princ^Mlly  to  die  defect 
areas  at  die  old  zinc  locations. 

Even  with  many  fewer  anodes,  the  total  protection  on  the  coated  barge  was  better 
than  for  the  uncoated  barge.  The  lower  total  current  on  the  coaled  barge  led  to  less  poten¬ 
tial  gradients  and  much  better  protection  at  the  forward  end  of  the  barge. 

MODELING 

Changing  the  magnitude  of  the  cathodic  currents  changed  the  total  current  delivered 
to  the  ctMnponent  made  from  that  material  and  shifted  the  potential  of  aU  points  on  the 
structure  in  the  same  direction. 

The  difference  between  the  predicted  potential  of  the  most  positive  and  the  most 
negative  reference  cells  was  directly  proportional  to  die  total  current,  but  the  points  on  the 
structure  predicted  to  receive  the  most  or  the  least  protection  did  not  change. 

Changing  the  magnitude  of  the  anodic  currents  changed  the  predicted  potentials 
without  appreciably  changing  the  magnitude  of  the  predicted  currents. 

Changing  the  magnitude  of  the  currents  in  an  area  of  the  curve  in  which  the  final 
predicted  potentials  did  not  lie  had  no  effect  on  the  results,  but  did  change  die  conver¬ 
gence  time  for  the  computer  to  reach  a  solution.  Changing  the  slope  of  the  cadiodic  curve 
in  the  region  where  predicted  potentials  did  lie  had  little  effect  on  predicted  potentials  or 
currents,  whereas  changing  current  ma^tudes  in  this  area  of  the  curve  had  Kimiiar  ef¬ 
fects  to  changing  the  magnitude  of  the  entire  curve. 

It  was  easier  to  predict  potentials  accurate^  than  to  predict  currents  accurately  with 
inaccurate  polarization  data. 

Changing  cathodic  corves  will  affect  the  predicted  currents  more  than  predicted  po¬ 
tentials,  whereas  die  opposite  is  true  for  the  anodic  curves. 

MODEL  PREDICTIONS 

The  best  agreement  between  measured  and  predicted  potentials  and  currents  for  the 
uncoated  barge  was  obtained  if  the  computer  model  was  run  under  the  assonqition  that  SO 
percent  of  the  cathode  surfaces  were  electrochemically  blocked  by  fooling.  This  is  consis¬ 
tent  with  the  amount  of  hard  fouling  observed.  This  resulted  in  an  agreement  between 
measured  and  predicted  potentials  at  the  various  reference  cell  locations  which  was  with¬ 
in  20  mV  excqit  for  three  locations  udiich  were  within  60  mV. 
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The  best  agreement  in  potential  between  the  computer  {nediction  and  die  measured 
potentials  for  the  coated  barge  was  obtained  if  the  computer  model  was  run  undo’  the  as- 
sunqition  that  none  of  the  cathode  surfaces  were  electrochemically  blocked  by  fouling, 
which  was  verified  visually. 

Agreement  between  die  measured  and  fvedicted  potentials  at  the  various  reference 
cell  kKatkms  for  die  coated  barge  was  always  widiin  15  mV,  better  agreement  than  for 
the  uncoated  barge,  if  the  polarization  behavior  for  the  copper-nickel  propeller  plate  was 
assumed  to  have  rou^ily  twice  the  current  density  at  a  given  potential  thra  die  curve  used 
for  the  uncoated  barge.  Using  the  same  polarization  curves  as  for  the  uncoated  barge  gave 
a  uniform  potential  discrqiancy  of  about  30  mV,  still  very  good.  If  a  SO  percent  fouling 
fKtor  was  also  used,  the  resulting  uniform  potential  discrepancy  was  SO  mV. 

The  predicted  currents  were  always  a  factm  of  1.4  to  U  higher  than  those  measured 
fm  the  uncoated  barge,  and  the  relative  amount  of  current  from  or  to  each  area  is  the 
same  for  the  predictions  and  the  measurements. 

Current  distributions  are  easier  to  predict  than  absolute  values  of  current 

The  best  agreement  between  {nedicted  and  measured  currents  on  the  coated  barge 
occurred  if  the  surfaces  were  assumed  to  be  unfouled,  using  the  same  polarization  condi¬ 
tions  as  for  the  uncoated  barge  predictions. 

Regardless  of  the  prediction  assumptions,  the  relative  distributimi  of  current  be¬ 
tween  zinc  groupings  was  accurate,  and  the  distribution  between  cadiode  surfaces  less  so 
on  the  coated  bi^e. 

The  best  modeling  procedure  overall  was  to  use  the  same  polarization  conditions  as 
for  an  uncoated  hull,  with  the  degree  of  fouling  being  a  variable  which  will  be  added  de¬ 
pending  on  location  and  season.  Using  these  assumptions  gave  the  most  accurate  current 
predictions,  and  potential  predictions  which  were  off  by  only  40  mV.  Current  distribu¬ 
tions  and  potential  distributions  were  accurately  predicted  regardless. 

The  computer  model  accurately  predicted  the  protection  currents  and  potential  dis¬ 
tribution  on  a  large  barge  in  brackish  water  and  in  seawater  after  a  4-4nontb  exposure. 

The  zinc,  steel,  and  copper-nickel  polarization  curves  used  to  get  the  good  agreement  are 
presented. 


CONCLUSIONS 

Based  on  the  BEASY  computer  model  jnedictions  and  actual  measurements  on  a 
42-ft  (14-m)  barge  simulating  a  steel  ship,  the  following  concluskms  can  be  drawn: 

1.  Computer  modeling  accurately  predicts  potential  distributioos  and  currents  for 
coated  and  uncoated  barges  when  the  polarization  curves  are  adjusted  for  fouling  under 
low  flow  conditions. 

2.  It  is  easier  for  a  computer  model  to  accurately  predict  potentials  i*>an  currents. 

3.  ff  irmccurate  polarization  dam  is  used  in  tlw  computer  model,  resulting  in  dis¬ 
agreement  between  predicted  and  actual  magnitudes  of  potentials  and  currents,  tiie  areas 
of  the  most  and  tiie  least  protection  are  still  predicted  accurately. 


CARDIVNSWC-TR-61— 93A)2 


13 


CARDIVNSWC-TR-61— 93A)2 


SIDE  VIEW 


CARDIVNSWO-Tn-ei— 93/D2 


17 


Figure  2.  Anode  and  reference  oel  localions— uncoaled  barge. 
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Figure  3.  Anode  and  reference  oel 
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FIgura  4.  Boundary  grid  for  uncoated  barge. 
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Figure  8.  Boundaiy  element  grid  for 
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Figure  7.  Zinc  poiarizalion 
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Figure  8.  Steel  polarization  data 
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Figure  11 .  Water  temperature— coated  barge  exposure. 
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Figure  13.  Aiwde  currants— UKoated  barge. 
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Figure  14.  Cathode  currenl 
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Figure  18.  Measured  longitudinal 
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FIgura  19.  Measured  transverse  potential 


Figure  20.  Fouling  on  hull  of  unooated  barge. 
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Rgure  21 .  Fouling  on  rudder  of  uncoated  barge. 
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COMPARISON  OF  MODELS  TO  MEASUREMENTS 
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COURSE  MESH  UITH  INTERMflL  POINTS  -  LINEAR  ELEMENTS 


CARDIVNSWC-TR-61— 93/02 


Figure  24.  Lack  of  fouling  on  hull  of  coated  barge. 


Figure  25.  Lack  of  fouling  on  rudder  of  coated  barge. 
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Figure  26.  Soft  fouling  on  uncoated  hull  areas  of  coated  barge. 
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Figure  27.  Soft  fouling  on  propeller  plate  of  coated  barge. 
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COMPARISON  OF  MODELS  TO  MEASUREMENTS 
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Figure  28.  Comparison  of  model  and  measureo  poienii 
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COURSE  MESH  UITH  rilTERNAL  POINTS  -  LINEAR  ELEMENTS 
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Figure  31. 
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